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Globally, large amounts of electrical energy are spent every year for domestic wastewater
(dWW) treatment. In the future, energy prices are expected to rise as the demand for
energy resources increases and fossil fuel reserves become depleted. By using appro-
priate technologies, the potential chemical energy contained in the organic compounds
present in dWWs might help to improve the energy and economic balance of dWW treat-
ment plants. Bioelectrochemical systems (BESs) in general and microbial electrolysis cells
(MECs) in particular represent an emerging technology capable of harvesting part of this
energy.This study offers an overview of the potential of using MEC technology in domestic
wastewater treatment plants (dWWTPs) to reduce the energy bill. It begins with a brief
account of the basics of BESs, followed by an examination of how MECs can be integrated
in dWWTPs, identifying scaling-up bottlenecks and estimating potential energy savings.
A simplified analysis showed that the use of MEC technology may help to reduce up to
~20% the energy consumption in a conventional dWWTP. The study concludes with a
discussion of the future perspectives of MEC technology for dWW treatment. The grow-
ing rates of municipal water and wastewater treatment markets in Europe offer excellent
business prospects and it is expected that the first generation of MECs could be ready
within 1–4 years. However, before MEC technology may achieve practical implementation
in dWWTPs, it need not only to overcome important techno-economic challenges, but also
to compete with other energy-producing technologies.
Keywords: microbial electrolysis cell, energy savings, energy recovery, domestic wastewater, biological waste
treatments, hydrogen
INTRODUCTION
Domestic wastewater (dWW) often consist of a complex mixture
of organics that must be removed before discharge into the envi-
ronment. Activated sludge (AS) systems, which have become a
conventional wastewater treatment method in developed nations,
usually make use of large blowers (to favor oxygen transfer from
air into the mixed liquor) that are energy intensive and increase
the treatment costs. In 2009, 12,800,974 m3 of wastewater was
treated daily in Spain (INE, 2010), with an associated energy cost
of 0.53 kWh/m3 of wastewater (IDAE, 2010) resulting in a power
consumption of 2476 GWh year−1 (~1% of the Spanish electrical
energy consumption) (IEA, 2011).
Abbreviations: AD,anaerobic digestion;AS,aerobic sludge; BES: bioelectrochemical
system; BOD, biochemical oxygen demand (mg-BOD L−1). Represents the amount
of oxygen required to oxidize the biodegradable organic matter dissolved into the
wastewater to CO2 and H2O. It gives an indication of the amount of biodegrad-
able organic matter dissolved into the wastewater; COD: chemical oxygen demand
(mg-COD L−1). Represents the amount of oxygen required to oxidize the organic
matter dissolved into the wastewater to CO2 and H2O. It gives an indication of
the amount of organic matter dissolved into the wastewater and can be used to
estimate the energy content of this organic material. dWW, domestic wastewater;
dWWTP, domestic wastewater treatment plant; HRT, hydraulic retention time (h);
MDC, microbial desalination cell; MEC, microbial electrolysis cell; MFC, microbial
fuel cell; MSC, microbial solar cell; PS, primary sludge; VFA, volatile fatty acid.
In addition, energy prices in Europe have been continuously
rising during the second half of the past decade (and will likely
continue to rise in the near future as carbon-based fuels become
depleted) from an average C0.0756 kWh−1 in the EU-27 in 2005
to C0.1023 kWh−1 in 2009 (Eurostat, 2011). Hence, the operat-
ing costs of treating wastewater are bound to increase despite
the fact that a significant amount of the energy investment can
be recovered as biogas from anaerobic digesters. To make mat-
ters worse, aerobic treatments produce large amounts of sludge
that needs to be disposed-off at a cost that can reach C500 per
ton dry matter (Weemaes and Verstraete, 2001). However, the
costs of operating treatment plants could be greatly reduced if
we manage to use the energy in the wastewater. For example, at
a conventional wastewater treatment plant in Toronto, Canada,
the potential energy available in the raw wastewater exceeded the
electricity requirements for the treatment process by a factor of
9.3 (Shizas, 2004); thus, turning such wastewaters into potential
commodities from which bioenergy and biochemicals may be pro-
duced (Angenent et al., 2004). Nevertheless, due to its complex
composition, wastewater exploitation requires flexible and robust
technologies. From this perspective, biological treatment is the
ideal candidate because biological conversions in natural ecosys-
tems commonly occur in dilute aqueous environments (Rozendal,
2007). Among the several chemicals that may be extracted from
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wastewaters, hydrogen occupies a preeminent position because of
its interesting characteristics as a fuel: it is a clean and carbon diox-
ide (CO2)-neutral energy carrier and can be converted directly into
electrical energy very efficiently using fuel cell technology. The bio-
logical methods for generating H2 include light-dependent meth-
ods (direct and indirect bio-photolysis and photo-fermentation)
and non-light-dependent methods, which traditionally include
the dark fermentation process and the water–gas shift reaction
mediated by photoheterotrophic bacteria (Gómez et al., 2011).
However, all of these methods are characterized by low effi-
ciency in terms of hydrogen yield (Angenent et al., 2004), which
is commonly attributed to thermodynamic limitations and the
methanogenic consumption of hydrogen (Hawkes et al., 2002;
Kim et al., 2004). In fact, under standard conditions, complete
oxidation of carbohydrates to CO2 and H2 is thermodynamically
not possible because a significant amount of volatile fatty acids
(VFAs) and some other organics (e.g., lactate, ethanol, butanediol,
succinate) are always produced.
Alternatively, it was recently discovered that this thermody-
namic barrier may be overcome by means of a small input of
electrical energy (Liu et al., 2005b; Rozendal and Buisman, 2005;
Rozendal et al., 2006b) in what has been called a microbial electrol-
ysis cell (MEC). More recent developments in bioelectrochemical
systems (BESs) suggest that MECs may represent a promising tech-
nology for combining wastewater treatment and energy recovery
(Ditzig et al., 2007; Logan et al., 2008; Rozendal et al., 2008a,b;
Tartakovsky et al., 2009; Pinto et al., 2011) by using the wastewater
stream as a free electron supply.
In this work, we explore the potential of MECs as a complement
to more conventional biological treatments in domestic waste-
water treatment plants (dWWTPs), stressing the energy savings
that this technology may bring. We also analyze some of the bot-
tlenecks and barriers that need to be overcome in order to make
MECs an economically, technically, and environmentally feasible
technology suitable for commercial application in dWW treatment
facilities.
BIOELECTROCHEMICAL SYSTEMS: ENERGY RECOVERY
FROM ORGANIC MATTER CONTAMINATED STREAMS
A BES can be defined as an electrochemical system in which at
least one of the anodic or cathodic reactions is microbially cat-
alyzed (Rabaey et al., 2007). In BESs, microorganisms function
as catalysts to convert chemical energy into other various types
of energy by transferring electrons to the anode in an oxidation
reaction or by accepting electrons from the cathode in a reduction
reaction (Rozendal et al., 2008b; Logan, 2009). If a BES is produc-
ing electrical energy, then the system is referred to as microbial fuel
cell, whereas if it consumes electrical energy to drive the electro-
chemical reactions it is termed a MEC (Rozendal et al., 2006b). The
anodic reactions in both MFCs and MECs are quite similar, and
almost any source of organic matter, such as carbohydrates and
lipids (or even the complex mixtures of organics usually found in
wastewaters), represent a suitable fuel for BES. However, the main
difference lies on the cathode side. Whereas in MFCs the pres-
ence of an oxidative agent (usually oxygen) causes the electrical
current to flow spontaneously, MECs require a certain amount of
electrical input to drive the redox reactions because no oxygen (or
oxidative agent) is allowed to enter the cathode chamber. Figure 1
shows a schematic representation of the operation of BESs. Elec-
trons (e−), protons (H+), and CO2 are the main sub-products of
the metabolism of the anode respiring bacteria (ARB) present in
the biofilm. The electrons flow through an external circuit (either
an electric load or a power source depending on whether the BES
operates in electricity or hydrogen production mode). In both
cases, protons migrate through the membrane into the cathodic
chamber where they re-combine with electrons, producing either
water when oxygen is allowed to enter into the cathodic chamber
(MFC), or hydrogen when no oxygen is allowed to get into the
cathodic chamber and electrons are forced to circulate by means
of a power source (MEC). Further information about the under-
lying principles of the BES, the microbial communities involved
and the mechanisms of electron transfer can be found elsewhere
(Rabaey, 2010).
Electricity and hydrogen are the most common outcome of
BES, but they are not the only ones: one of the first processes inves-
tigated (aside from hydrogen and electricity) was the production
of sodium hydroxide in the cathode of an MEC (Rozendal et al.,
2006a). More recently, a novel device that combines a MEC with
a microbial desalination cell (MDC) had the feature of simul-
taneous HCl and NaOH production while reducing the organic
load of a synthetic wastewater (Chen et al., 2012). Hydrogen
peroxide is another valuable product that can be generated by
stabilizing the oxygen reduction in the cathode of an MEC (Rozen-
dal et al., 2009). It has also been demonstrated that CO2 can be
reduced to methane in microbial biocathodes (Cheng et al., 2009).
Methane production represents an attractive alternative to hydro-
gen in MECs due to the difficulty of obtaining pure hydrogen
in the cathode of an MEC (because methane is the main conta-
minant). More recently, phosphorus was precipitated as struvite
while simultaneously producing a significant amount of hydro-
gen in the cathode of an MEC (Cusick and Logan, 2012). Under
microaerophilic conditions, Srikanth et al. (2012) succeeded in
producing polyhydroxybutyrate (PHA) in a biocathode. Another
interesting application of BES is the treatment of inorganic and
recalcitrant pollutants, such as nitrates, nitrites, dyes (Mu et al.,
2009; Wang et al., 2013), and chlorinated solvents (Liang et al.,
2013).
In addition, novel applications have emerged, resulting in the
development of new types of BESs based on the concept of MFCs
and MECs. Cao et al. (2009) introduced the idea of simulta-
neous desalination, as well as wastewater treatment and hydro-
gen energy recovery, giving birth to MDCs. Microbial solar cells
(MSC) represent another original development of BES because
they make possible the harvesting of solar energy using pho-
toautotrophic microorganisms or higher plants in combination
with conventional BESs to generate electrical current (Strik et al.,
2011). BESs can also be used as an alternative method to assess
the amount of pollutant organic matter in water (Peixoto et al.,
2011).
All of the processes and products described above highlight an
important feature that BESs share with other biochemical systems,
namely their ability to convert negative-value waste streams into
Frontiers in Energy Research | Fuel Cells June 2014 | Volume 2 | Article 19 | 2
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Escapa et al. Energy recovery in wastewater treatment
FIGURE 1 | Schematic representation of electricity production (left) and hydrogen production (right) through MFC and MEC, respectively.
value added products by using the residual energy content. MECs
in particular have proved to be a robust and flexible technology
capable of using pure compounds (acetate, glucose, and glycerol)
(Rozendal et al., 2006b; Tartakovsky et al., 2008; Escapa et al.,
2009) and complex mixtures of organics as fuels. The latter usu-
ally correspond to wastewaters, such as those produced in swine
facilities (Wagner et al., 2009), food processing industries (Kiely
et al., 2011), wineries (Cusick et al., 2011), and dWW (Gil-Carrera
et al., 2013c).
From all of the possible potential uses of BESs and all of the
available feedstock (usually wastes) briefly discussed above, this
study will focus on the feasibility of using dWW as a fuel for
hydrogen production in an MEC. Our choice of hydrogen rather
that electricity as the output is mainly based on techno-economic
considerations: the economic value of hydrogen is relatively high
compared with the value of electricity, which makes MECs the
more economical choice for dWW treatment, making electricity
a less attractive output (Cusick et al., 2010; Harnisch et al., 2011).
Moreover, the internal resistance and current density required for
a BES to become cost–effective are much more restrictive for an
MFC than for an MEC (Sleutels et al., 2012), confirming that the
production of valuable products seems to be the most attractive
use of BESs (Rabaey and Rozendal, 2010).
INTEGRATING MEC TECHNOLOGY IN DOMESTIC
WASTEWATER TREATMENT PLANTS FOR ENERGY
RECOVERY
Wastewaters are polluted with many materials and substances, the
most common being: (i) organic materials, as measured by the bio-
logical demand for oxygen (BOD) or the chemical demand for oxy-
gen (COD); (ii) nitrogen, which includes organic nitrogen, nitrates,
nitrites, and ammonium; (iii) phosphorus; (iv) suspended solids; (v)
pathogenic organisms (as estimated by coliforms); and (vi) traces
of persistent organics (such as chlorinated pesticides). In general,
the removal of these contaminants comprises a set of physical,
biological, and chemical treatment methods, the final arrange-
ment depending on the type of WW to be treated. Although
dWWTP can vary greatly in terms of their design, they often
take the general form as shown in Figure 2A, which includes the
most characteristic elements of the water-treatment: (i) the pre-
liminary treatment, where the dWW is first screened to remove
large debris and grit in order to protect pumps and the remainder
of the unit operations. (ii) The primary treatment : its purpose
is to remove all particles that are settable. (iii) The secondary
treatment, which typically consists of two components: a biore-
actor where soluble organic material gets converted mainly to
bacterial biomass and carbon dioxide, and a settling tank (called
secondary clarifier) where the bacterial biomass is recovered. (iv)
Advanced treatment, which includes several polishing or cleanup
processes, such as nutrients removal (mainly phosphorous and
nitrogen) and disinfection. (v) Residuals management, where solids
and sludge removed by other process are collected, stabilized, and
subsequently disposed.
The use of bioelectrochemical reactors (MFC in particular)
for wastewater treatment was first proposed in 1991 by Haber-
mann and Pommer (1991), and since then, several treatment
process trains that integrate BESs in a WWTP have been envi-
sioned (Rosenbaum et al., 2010). Because the anodic chamber of a
BES usually contains undefined mixed cultures (including electro-
genic microorganisms) that can oxidize a wide variety of organics
with the anode as an electron acceptor (Rabaey et al., 2003; Liu
et al., 2004, 2005a; He et al., 2005; Heilmann and Logan, 2006;
Huang and Logan, 2008), the first and simplest process train is a
“stand-alone” arrangement, where the BES could be incorporated,
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FIGURE 2 | (A) Arrangement of a typical large wastewater treatment facility
integrating a BES. (A)Traditional arrangement with no BES (drawn with
modifications from Vesilind, 2003). (B)The BES replaces the bioreactor in the
secondary treatment. (C)The BES is followed by a polishing
(anaerobic/anoxic) step. (D)The BES is preceded by an acidification step
(two-stage process) and followed by a polishing step.
replacing the bioreactor in the secondary treatment (Figure 2B).
Nevertheless, experiments conducted with real dWW-fed reactors
have revealed that COD removal at bench-scale tests is limited
(typically 40–80%) (Liu et al., 2004; Min and Logan, 2004; Rodrigo
et al., 2007; Gil-Carrera et al., 2013a), and may not accomplish
what local regulations allow in terms of BOD removal and BOD
concentration of the effluent. In addition, the removal of nitrogen
(an important contaminant in dWW) in a MFC–MEC is usually
low, and it is mostly attributable to nitrogen assimilation into bac-
terial biomass, which accounts for only a small percent of the total
removal usually needed (Freguia et al., 2007; Logan, 2008). There-
fore, it seems unlikely that a BES may operate alone in a WWTP,
and so a polishing step may be required. This leads us to the second
configuration or niche for BESs application, which consists of a
bioelectrochemical treatment followed by an aerobic/anoxic step
(Figure 2C).
Usually, BESs fed with non-fermentable substrates outperform
(in terms of the conversion of organic matter to electricity) those
fed with readily fermentable substrates (Lee et al., 2008) because
the food web in the former does not need to support hydrolysis
and digestion of complex organic constituents. Therefore, waste-
water acidification prior to the BES treatment (Figure 2D) would
likely increase its performance, degrading high-molecular-weight
organics into relatively simple VFAs, which are readily converted to
electricity in a BES (Li and Yu, 2011), even at low concentrations
(Lee et al., 2008; Kim et al., 2010). In addition, this “two-stage”
process favors the enrichment of specific species in the individual
reactors (De la Rubia et al., 2009; Fezzani and Ben Cheikh, 2010),
increases the process stability (Held et al., 2002) and might help
to remove compounds that may be toxic to the electrogenic bac-
teria (Mahmoud et al., 2014). However, a two-stage arrangement
complicates the reactor configuration and operation, resulting in
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increased investment and operation costs. Another drawback of
this arrangement is, as with the “stand-alone” arrangement, little
nitrogen is removed from the effluent, and so an aerobic/anoxic
polishing step might be required after the BES reactor.
Finally, BESs can also be integrated in a WWTP as a post-
treatment of the effluent of AS and primary sludge (PS) anaer-
obic co-digestion (Rosenbaum et al., 2010). High temperatures
in anaerobic digestion increase the concentrations of propionate
and ammonia, leading to increased accumulation of VFAs (Bocher
et al., 2008), which can inhibit methanogenesis. The use of BES
as a posttreatment could easily solve this problem as VFAs can be
readily converted into electricity by electrogenic microorganisms.
MEC SCALE-UP FOR DOMESTIC WASTEWATER TREATMENT:
EXPERIENCES AND BOTTLENECKS
Microbial electrolysis cell scale-up is, like all scale-up endeav-
ors, a story of facing challenges and finding solutions. The use
of raw dWW as a fuel for hydrogen production in an MEC was
first investigated in 2007 in a 300 mL double chambered reac-
tor operated in batch (Ditzig et al., 2007). This set-up offered
good results in terms of the quality of the effluent (BOD <10 mg
BOD L−1), with a removal of organic contamination above 90%.
However, it required relatively long batch periods (30–108 h), and
the conversion of organic matter to current (and consequently
into hydrogen) was relatively low. This limited energy recov-
ery, together with the use of expensive materials, such as Nafion
(membrane) and platinum (the catalyst for the cathodic reaction),
restricts the scalability of this design.
Five years later, in an effort to test the potential of MECs in
conditions closer to practical application, Escapa et al. (2012a)
tested a 100 mL monocameral MEC within the range of hydraulic
retention times (HRTs) typically found in dWW facilities. Follow-
ing the improvements made in MEC designs by other researchers
(Tartakovsky et al., 2008; Zhuang et al., 2009), the MEC was built
with low-cost materials (no polymeric membrane was interposed
between the anode and the cathode, and nickel was used as a cata-
lyst) and operated in continuous mode. The results were promising
regarding the energy consumption: 1.15 kWh kg-COD−1r (per
kilogram of COD removed) when only the electrical energy use
was considered, and 0.55 kWh kg-COD−1r if the energy recov-
ered as hydrogen was included in the balance. In both cases,
the energy required to remove the organic contamination was
below the energy consumption threshold typically associated
with an aerobic treatment (1.5 kW kg-COD−1r ; Metcalf & Eddy
Inc, 2003) at low HRTs (3–6 h). However, the energy recovery
into hydrogen was relatively low (~25%) compared with the
potential of the dWW used as fuel, which was mainly attrib-
uted to the existence of electron sinks other than the anode
(biomass production, nitrates, methanogens, etc.) and hydrogen
loses through gas tubing and non-optimal reactor configura-
tions.
Tubular designs, which together with planar designs represent
the two main typologies of MEC reactors, have also been evaluated
for dWW treatment and hydrogen production. Gil-Carrera et al.
(2013a,c), examined a semi-pilot continuous-flow single-chamber
MEC that consisted of two tubular units (2 L each) connected in
series. These studies corroborated the results obtained at lab scale:
organic contamination removal rates of up to 80% with associated
energy consumption below that usually attributed to aerobic treat-
ments. However, the absence of a polymeric membrane or other
significant physical barrier between the two electrodes favored the
re-oxidation of part of the cathodic hydrogen on the anode. This
phenomenon, known as hydrogen recycling (Ruiz et al., 2013),
results in the creation of parasitic electrical currents, thus limiting
the overall performance of the MEC.
To our knowledge, the only pilot-scale MEC using raw dWW
as a fuel is a 120 L MEC operated on site in North England for
a period of over 3 months (Heidrich et al., 2012). The plant con-
sisted of six independent bicameral MEC units made of low-cost
materials, such as stainless steel (cathode), and a low-cost micro
porous membrane (instead of expensive polymeric membranes).
Despite the loss of hydrogen (the energy recovery was not enough
to offset the energy input), the overall energy usage to remove the
organic pollution was again below that of aerobic treatments. Still,
the authors claimed that with improved future design energy, neu-
tral or even positive dWW treatment might be possible with this
design.
These experiences have proved that MECs may become a feasi-
ble technology for dWW treatment, bringing competitive advan-
tages over conventional aerobic treatments from energy usage
and environmental points of view. Moreover, these and many
other studies (Lee and Rittmann, 2010; Gil-Carrera et al., 2013b;
Ruiz et al., 2013; Tice and Kim, 2014) have helped to iden-
tify the main bottlenecks that need to be addressed in order
to improve its scalability. Without being exhaustive, here is a
list of the main bottlenecks that need to be overcome: (i) low
organic matter conversion rates into electrical current, which
leads to low current densities and therefore larger reactor sizes
(and capital costs) to treat the same amount of organic contam-
ination (and produce the same amount of hydrogen); (ii) high
internal resistances and ohmic loses derived from the low con-
ductivity of the electrolyte (dWW and polymeric membranes)
and the electrical resistivity of the electrodes; (iii) low hydro-
gen recoveries originating from a poor sealing of laboratory
designs. Fortunately, they could be easily avoided by improving
the detailed engineering of prototypes; (iv) hydrogen recycling,
which generates parasitic currents that do not improve COD
removal, nor hydrogen production and only result in an extra
energy consumption; and (v) techno-economical bottlenecks:
MEC technology would need to compete with other energy-
producing technologies, such as anaerobic digestion, with an
associated capital cost several times lower than that associated
with MECs.
Not all of the above mentioned restrictions and limitations
have the same influence over MEC scalability, and some deserve
special attention. Current density dictates the rate of organic cont-
amination reduction and hydrogen production (and therefore the
efficiency at which we exploit the energy in the dissolved organic
matter), whereas internal resistance greatly influences the energy
consumption. In fact, several studies have concluded that these
are the two parameters that most influence the feasibility of MEC
technology and therefore determine its practical applicability. In
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2008, Rozendal et al. (2008a) estimated that 10 A m−2 is a typical
expected current density for full-scale MECs. In turn, Sleutels et al.
(2012) claimed that for the revenues to exceed costs, MECs need
to achieve an internal resistance lower than 80 mΩm−2 and a cur-
rent density of ~20 A m−2. However, given the typical low COD
concentration of dWW and the reduced cell thickness required to
assure adequate contact between the wastewater and the anode,
current densities of 10–20 A m−2 would demand organic load-
ing rates (OLRs) between 14,000 and 28,000 g-COD m−3 day−1
(assuming a conversion rate of organic matter into current of 50%)
leading to HRTs well below 1 h, which seems unlikely for dWW. In
our opinion, these targets of current density are more appropri-
ate for industrial wastewaters, which usually display higher COD
concentrations. A recent case-study aimed at investigating the fea-
sibility of using MEC technology in an already operating dWWTP
concluded that current densities above 5 A m−2 would start to be
feasible, at least from an economic point of view (Escapa et al.,
2012b).
ESTIMATION OF ENERGY SAVINGS ASSOCIATED WITH MEC
USE IN dWWTPs
Typical dWWTPs employing aerobic AS technology are energy
intensive (energy can account for up to 50% of the operating costs)
(Ahn and Logan, 2010), requiring ~0.6 kWh m−3, half of which
is dedicated to supplying air for the aeration basins (McCarty
et al., 2011) (see Figure 3). Process optimization and/or the use
of more efficient technologies would help not only to improve
the environmental performance but also the economic balance.
The potential energy of the organic matter dissolved in the waste-
water (~4 kWh kg−1 CODr) (Logan, 2008) represents a valuable
resource, that if captured with an appropriate technology, waste-
water treatment might become a net energy producer rather than
a consumer (McCarty et al., 2011). MEC technology is an ideal
candidate because it is able to recover part of this potential into
hydrogen, thus helping to curb the energy requirements in the
plant.
As discussed in Section “Integrating MEC Technology in
Domestic Wastewater Treatment Plants for Energy Recovery,” it
is unlikely that MECs could operate as stand-alone reactors in
potential full-scale MEC-based dWWTPs. Instead, their use as a
pre-treatment step to extract the energy content of the organic
matter is a more plausible option. Although dWW-fed MEC
reactors have achieved 80% COD removal rates operating in con-
tinuous mode (Gil-Carrera et al., 2013a), the need to provide
enough organic matter to perform nitrogen removal in the aer-
obic treatment would determine the actual COD removal in the
MEC. For instance, in a previous case-study based on an already
operating dWWTP, it was estimated that COD removal in the
MEC pre-treatment should not be higher than 45% (Escapa et al.,
2012b).
Because large scale MEC reactors would need to achieve at least
similar performance as bench-scale reactors (Pant et al., 2012), we
make use of the results reported in Escapa et al. (2012a) to advance
a simplified estimation of the energy savings that MEC technol-
ogy may bring to dWW treatment. In the refereed study, an OLR
(which represents the amount of organic material that is daily fed
FIGURE 3 |Typical energy requirements in a conventional domestic
wastewater treatment plant. Derived from data from Water Environment
Federation (2009).
to the reactor per cubic meter) of 3.1 kg-COD m−3 day−1 yielded
a hydrogen production rate of 0.3 m3H2 m−3 d−1 with an associ-
ated energy consumption of 1.15 kWh kg−1 CODr. If we assume
that 1.5 kWh kg−1 CODr of energy would be used in the aerobic
treatment (Metcalf & Eddy Inc, 2003) and the energy required for
pumping would remain the same, the energy consumption in the
combined biological treatment (MEC+AS) can be computed as:
EBT = EMEC ×WMEC + EAL ×WAL
WMEC +WAL (1)
where EBT is the global energy consumption in the biological treat-
ment (kWh kg-COD−1r ), EMEC is the energy consumption in the
MEC (kWh kg-COD−1r ), W MEC is the COD removal efficiency in
the MEC (%), EAL is the energy consumption in the aerated lagoon
(1.5 kWh kg-COD-1), and W AL is the COD removal efficiency in
the polishing step (%).
If local regulations allow the discharge of treated wastewaters
only after 95% of COD removal (i.e., W MEC+W PS= 95), then
EBT= 1.33 kWh kg-COD-1, which would represent an 11% sav-
ings in the energy consumption for organic matter removal. By
including the energy captured from the organic matter and stored
as hydrogen and subtracting the energy requirements for hydrogen
compression (~2.1 kWh kg−1 H2), the global energy consump-
tion in the biological treatment decreases to 1.05 kWh kg-COD-1,
accounting for a 30% savings.
Further energy savings can be obtained from the reduced sludge
production in MEC reactors. Although this is an issue that has not
been fully studied, biomass production in the anode of a BES may
lay in the range of 0.07–0.16 g of volatile suspended solids per gram
of COD (g-VSS g−1-COD) (Wang and Ren, 2013), which is much
lower than the biomass production in an aerobic reactor (0.35–
0.45 g-VSS g−1-COD) (Metcalf & Eddy Inc, 2003). For the sake of
simplicity we will assume: (i) a mean value of biomass production
of 0.11 g-VSS g−1-COD in the MEC and 0.4 g-COD-biomass g−1-
COD in the aerobic reactor, and (ii) a positive relationship between
energy consumption and excess sludge production (Wang et al.,
2012). Using a similar approach as we did for energy consumption
in the biological treatment (Eq. 1) shows that energy requirements
derived from reduced sludge production could help to save 37%
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of the energy during sludge management in the plant. Taking
into account the distribution of energy use in dWWTPs shown
in Figure 3, all these energy savings derived from the use of MECs
for dWW treatment may bring a global savings of 19% in the
energy bill of the plant.
However, for a MEC performing within the operational para-
meters discussed above, the revenues derived from the selling of
hydrogen and the reduction in energy consumption would not
be enough to offset the capital costs. Instead, it has been claimed
that economic feasibility would only be achieved if future MECs
could operate at current densities above 5 A m−2 and energy con-
sumption below 0.9 kWh kg-1 COD (Escapa et al., 2012b). In this
situation, the global energy savings in the potential MEC-based
dWWTPs could add up to 28%.
OUTLOOK AND FUTURE PERSPECTIVES
The estimates for the European market of municipal water and
wastewater treatment (C2.37 billion in 2010) predict a growing
rate of 4.1% per year (compounding rate) (Di Lorenzo et al., 2009),
which highlights the excellent business prospects for MECs. The
implementation of this emerging technology at the commercial
scale would be driven by reliability and costs, and it is expected
that the first generation of MECs could be ready within 1–4 years
(European Commission, 2013). However, the reduced incomes
derived from the selling of hydrogen (using dWW as a feedstock)
and the relatively large capital costs (C1200–4000/m3 of reactor)
(Rozendal et al., 2008a; Fornero et al., 2010; Pant et al., 2010)
inevitably lead to long pay-back periods, threatening its economic
feasibility. Manufacturing costs are likely to decline during the
first steps of commercial development as experience accumulates
and more MEC units are built. However, to benefit from this cost
reduction phenomenon, MEC pioneering uses should be aimed
at sectors that might bring revenues greater than those associated
with dWW. Industrial WW might be the ideal candidate. Its higher
COD concentrations (and consequently higher energy densities)
would allow higher energy recoveries, thus improving its economic
feasibility, making its use for wastewater treatment more attrac-
tive and triggering large scale production. In addition, during the
first steps of implementation of this technology in dWWTP, MECs
could also make use of the existing concrete structures of the aer-
obic basins (expensive to build), which would undoubtedly help
to further reduce the capital cost.
Methane production in the anodic and/or cathodic chambers
of MECs is an issue that has been challenging researchers since
the proof-of-concept (Liu et al., 2005b; Rozendal et al., 2006b)
and appears to have no easy solution. Methanogenic microor-
ganisms present inside MEC reactors not only compete with
electrogenic microorganism for substrate but also contaminate
the cathodic hydrogen, requiring a gas-cleaning step depend-
ing on the final use of the hydrogen. However, it has been
argued that fostering methane production (using biocathodes
containing methanogens) rather than avoiding it, could bring
additional advantages over hydrogen (Cheng et al., 2009). There-
fore, methane production MECs could serve as an intermediate
step that would further facilitate the implementation of MEC
technology in dWWTPs.
In this study, we have seen that the use of MEC technology may
bring not only substantial energy savings when used as pretreat-
ment to the aerobic step in a dWWT but also other environmental
benefits through the reduced use of energy and through the dis-
placement of hydrogen production by conventional means (Foley
et al., 2010). Significant economic benefits may also be obtained,
provided future research allows MEC reactors to improve their
present performance (Escapa et al., 2012b; Sleutels et al., 2012).
The bottlenecks discussed in Section “MEC Scale-Up for Domes-
tic Wastewater Treatment: Experiences and Bottlenecks” and the
relatively large capital costs (Rozendal et al., 2008a; Fornero et al.,
2010; Pant et al., 2010) are two vital concerns that will determine
the practical implementation of MECs in dWWTPs. Consequently,
and to improve the economic and energy balances in MECs (and
as a result, their applicability), further enhancements would be
required in areas such as: (i) reactor architecture: more efficient
water circulation inside the anodic chamber would reduce the
energy needs for pumping and optimize the conversion of organic
matter into electricity; (ii) in the detailed engineering of the sys-
tem: to improve certain aspects, such as the electrical contacts, or
maximize hydrogen recovery by limiting its diffusion back into
the anodic chamber and leaks into the atmosphere; (iii) in elec-
trode and current collectors: new materials with greater specific
surface, low ohmic resistances, and better catalytic properties; (iv)
in the understanding of the mechanism of the transfer of electrons
from the bacteria to the electrodes and interspecies interactions;
and (v) other secondary issues, such as how MEC units should
be electrically connected. It seems unlikely to build MEC units
able to operate alone and treat several thousand of cubic meters
per day. In contrast, a whole MEC reactor would need to be
divided into a certain number of MEC units that would make
up the whole treatment. Connecting all of the units in parallel
does not seem realistic: this configuration would demand the use
of a rectifier able to manage large currents at low potentials, which
would be impractical at full-scale. Moreover, low-voltage rectifi-
cation usually incurs substantial energy losses. Therefore, it seems
necessary that a certain number of MEC units must be stacked in
series.
Finally, on its road to practical application, not only would
MEC technology need to overcome these economic and techno-
logical barriers, but it would also need to compete with other
energy-producing technologies. Undoubtedly, the main competi-
tor of MECs for wastewater treatment is anaerobic digestion (AD),
with its reduced capital costs that may be 40–800 times lower com-
pared with BES (Rozendal et al., 2008a). In addition, the ability
of BES to operate in mild conditions, such as low organics con-
centrations and low temperatures, is often cited as an important
competitive advantage of BESs (Pham et al., 2006; Rozendal et al.,
2008a). However, several studies have shown that AD can achieve
good performance levels at temperatures as low as 5°C and low
HRTs (a few hours) (McCarty et al., 2011; Batstone and Virdis,
2014).
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